Soluble chemical derivatives of chitin and chitosan including ethylene glycol chitin, nitrous acid-modified chitosan, glycol chitosan, and chitosan oligomers, produced from chitosan by limited hydrolysis with HCl, were found to possess proteinase inhibitor inducing activities when supplied to young excised tomato (Lycopersicon escuekxtum var Bonnie Best) plants. Nitrous acid-modified chitosans and ethylene glycol chitin exhibited about 2 to 3 times the activity of acid hydrolyzed chitosan and 15 times more activity than glycol chitosan. The parent chitin and chitosans are insoluble in water or neutral buffers and cannot be assayed. Glucosamine and its oligomers from degree of polymerization = 2 through degree of polymerization = 6 were purified from acid-fragmented chitosan and assayed. The monomer was inactive and dimer and trimer exhibited weak activities. Tetramer possessed higher activity and the larger pentamer and hexamer oligomers were nearly as active as the total hydrolyzed mixture. None of the fragments exhibited more than 2% acetylation (the limits of detection). The contents of the acid-fragmented mixture of oligomers was chemically N-acetylated to levels of 13% and 20% and assayed. The N-acetylation neither inhibited nor enhanced the proteinase inhibitor inducing activity of the mixture. These results, along with recent rmdinps by others that chitinases and chitosanases are present in plants, provide 
Chitosan is a mixture of water-insoluble f, [1] [2] [3] [4] glucosamine polymers produced from arthropod cuticles and fungal cell walls (2, 15) . A soluble derivative of chitosan, prepared by nitrous acid modification, has recently been shown to be a potent elicitor of the antifungal phytoalexin pisatin in pea pods (12) . We recently demonstrated that this same soluble chitosan derivative was a powerful inducer of proteinase inhibitors in excised tomato leaves (28) . The (28) . In this regard, chitosan itselfwas recently reported to be an inducer of lignification in wheat leaves (20) . In Hadwiger (12) ofWashington State University from crab chitosan (Madera Products, Inc., Albany, OR). Nitrous acid chitosan is a mixture of partially N-acetylated S, 1-4 glucosamine polymers with DP2 -4 through DP > 6 (cf Fig. 1 ). The oligomers all possess a 2,5-anhydromannose at their reducing ends (17) . To bioassay the nitrous acid-modified chitosan, 5 mg was suspended in 1 ml water and acetic acid was added until the chitosan dissolved. The pH was adjusted to 6.0 with NaOH and to the appropriate volume diluted for bioassay with 0.05 M phosphate buffer.
Chitosan Oligomers Prepared by Ha Hydrolysis. Chitosan (5 g, Sigma) was hydrolyzed in 100 ml 10 N HCI at 53°C for 48 h according to the method of Chang and Hash (7) in order to obtain deacetylated monosaccharide through hexasaccharide. NAcetyl content of the chitosan oligomer mixture was 0.67% as measured by NMR (Jeol FX 90) (13, 14) by the ratio ofN-acetylmethyl protons (singlet at 2.0 ppm) to the anomeric protons (doublet at 5.5 ppm) in the spectrum (D20). The chitosan oligomers were analyzed according to Chang and Hash (7) using a Beckman 121 automatic amino acid analyzer with a Beckman PA 35 column (0.9 x 15.5 cm). The oligomers were eluted with a two-step buffer gradient (0.2 M citrate, pH 6.4 and 6.72, each containing 1 M Na+) at a flow rate of 70 ml/h. These oligomers had retention times similar to those obtained by Chang and Hash (7) .
Amounts of the chitosan oligomers suitable for bioassay were obtained by separating the oligomers on a Fractogel TSK HW-405 (Pierce Chemical Co.) column (1.6 x 88 cm) equilibrated with 0.2% (w/v) HCOOH at 37°C. Fractions were assayed for glucosamine (24) and the peak fractions for each oligomer pooled and lyophilized. Purity ofthe separated oligomers was confirmed by TLC on silica gel plates (GF 250 micron Analtech) with the solvent system pyridine/2-pentanol/water (1:1:1) (9). A plot of the Rm versus length for each oligomer was linear (9) . A DP of 1 to 4 for the monomer through tetramer was obtained by measuring both glucosamine content and reducing sugar equivalents (27) . The monomer through pentamer contained stoichiometric quantities of glucosamine. Fluorescence assay (8) (13, 14) was 13% and 20% in the two samples.
RESULTS AND DISCUSSION Nitrous acid-modified chitosan, a water-soluble derivative of chitosan, had previously been shown to be a powerful inducer of proteinase Inhibitors I and II when supplied to young, excised tomato leaves (28) . The nitrous acid-modified chitosan is a soluble product of a controlled nitrous acid fragmentation of insoluble chitosan (12, 17) . A preparation of nitrous acid-modified chitosan was fractionated on Fractogel ( Fig. 1 ) and shown to be predominately a mixture of oligomers of DP 4 and higher. Similar preparations have been shown to contain polymers with an average DP of 13 (17) . Thus, the active components in the mixture are rather small poly-and oligosaccharides that have an amine-free terminal reducing furanose residue of 2,5- Figure 2 , a Fractogel separation of the acid-hydrolyzed chitosan shows the predominance of mono-through hexasaccharides in the mixture. The fractions from the Fractogel separation, containing oligomer peaks from mono-through hexasaccharides, were pooled and assayed for DP (a) by the ratio of their glucosamine residues to reducing equivalents and (b) by their linearity of Rm by TLC chromatography (Fig. 3) , where the oligomer fractions from 1 through 6 behaved as a homologous series (9) . The per cent acetylation of each oligomer was determined by NMR spectroscopy. The proteinase inhibitor inducing activity in each oligomer fraction was also assayed in excised tomato plants (Table II) . Glucosamine is totally inactive as an inducer of proteinase Inhibitor I in leaves of excised tomato plants. The dimer through tetramer are increasingly active, but still not nearly as active as the total acid hydrolysate. The pentamer and tetramer exhibit considerably more activity than the tetramer, but the hexamer activity drops off slightly. The slightly increased activity of the pentamer over the hexamer was reproducible in several separate assays. The larger fragments (above DP = 6) are fully as active as the total hydrolysate. Oligomers were similarly isolated from nitrous acid-modified chitosans ( Fig. 1) but only fractions corresponding to DP = 4, 5, and 6 and >6 were obtained. All of these fractions were highly active with the tetramer being somewhat less active than the larger fractions.
The per cent acetylations of the monomer and oligomers obtained from partial acid hydrolysis were all less than 2.0%, indicating that the acetyl group is probably not a major factor in the inducing activity. The background levels in these assays using small samples were such that accurate measurements below 2.0% were not considered valid. The 2.0% represents a maximum value in any of the samples. To assess the effects of acetylation on activity, the total partially hydrolyzed chitosan mixture was partially acetylated to 13% and 20% acetylation and assayed. No significant difference in the inducing activities of the acetylated mixture was found.
Since both the tomato cell wall fragments (PIIF) and fungal cell wall fragments are inducers of Inhibitor I in young excised tomato leaves (3, 27, and Bishop et al., unpublished data), we were interested in whether other plant polysaccharides or their fragments might be capable of inducing proteinase inhibitors in tomato leaves. The neutral polysaccharides, soluble starch, and dextran and the disaccharides, cellobiose, and sucrose were all inactive at several concentrations (0.05-2 mg/ml) in inducing proteinase inhibitors in tomato leaves. We also tested several charged polymeric materials for their proteinase inhibitor inducing activities. DEAE-dextran, protamine sulfate and polylysine were all shown to have negligible activities.
The effects induced by chitosan, i.e. proteinase inhibitor induction, phytoalexin elicitation, and lignification are possibly the result of gene activation although the levels of control are not yet known for any of these systems. These examples strongly imply that chitosans derived from fungal cell walls may have a role in signalling the activation of plant defense responses. This possibility has been strengthened by the finding of chitinase and chitosanase activities in plant tissues (4, 5, 16, 18, (21) (22) (23) 29) , even though plants do not contain any chitin or chitosan. Boller et al. (5) have observed that chitinase activity in tomato leaves and many other plants is induced by ethylene. They consider chitinase to be a defense enzyme against fungal and bacterial invaders. In bean tissue, chitinase is known to be sequestered in the central vacuole (4) where it is likely released upon cell damage. Tomato stem endochitinase hydrolyzes both chitin and chitosan (23) . This enzyme may be under regulation by stress, and substantial increases have been noted in its activity in tomato stems 2 weeks after infection with the fungus Verticillium alboatrum (21) (22) (23) 29) . Large increases in the enzyme activity were found in susceptible plants during infection, but not in resistant plants. Nichols et aL (18) observed that acetone powders of pea tissue contained enzymes capable of releasing phytoalexin elicitors from purified Fusarium fungal cell walls. The application of chitosan to pea pod tissue resulted in protection against Fusarium infection (12) .
The three systems so far studied-phytoalexin elicitation, induction of proteinase inhibitors, and lignification-all provide responses that are readily assayed, and all three responses can be utilized for further research to understand the mechanisms by which chitosans trigger gene activation. The list of reports of various defense responses that are induced or elicited by polysaccharides continues to grow (3, 6, 10, 12, 19, 20, 26, 28 
